PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Moustafa D, Elwahed MRA, Elsaid HH,
Parvin JD (2021) Modulation of Early Mitotic
Inhibitor 1 (EMI1) depletion on the sensitivity of
PARP inhibitors in BRCA1 mutated triple-negative
breast cancer cells. PLoS ONE 16(1): e0235025.
https://doi.org/10.1371/journal.pone.0235025

Editor: Alvaro Galli, CNR, ITALY
Received: June 5, 2020
Accepted: December 22, 2020
Published: January 7, 2021

Copyright: © 2021 Moustafa et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

Funding: This work was supported by grant
CA228083 from the National Cancer Institute and
Egyptian Ministry of Higher Education and
scientific Research (Mission sector).

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Modulation of Early Mitotic Inhibitor 1 (EMI1)
depletion on the sensitivity of PARP inhibitors
in BRCAT mutated triple-negative breast
cancer cells

Dina Moustafa'2, Maha R. Abd Elwahed?, Hanaa H. Elsaid?, Jeffrey D. Parvin®'*

1 Department of Biomedical Informatics and the OSU Comprehensive Cancer Center, Ohio State University,
Columbus, OH, United States of America, 2 Faculty of Medicine, Clinical Pathology Department, Zagazig
University, Zagazig, Egypt

* Jeffrey.Parvin@osumc.edu

Abstract

Triple negative breast cancer (TNBC) represents approximately 10—15% of all breast can-
cers and has a poor outcome as it lacks a receptor target for therapy, and TNBC is fre-
quently associated with a germline mutation of BRCA1. Poly (ADP-ribose) polymerase
inhibitor (PARPiI) drugs have demonstrated some effectiveness in treating BRCA1 or
BRCAZ2 mutated breast and ovarian cancers but resistance to PARPi is common. Published
results found that resistance to Olaparib, a PARPI, can be due to downregulation of EMI1
and the consequent upregulation of the RAD51 recombinase. Using a tissue culture-based
cell viability assay, we extended those observations to another PARPi and to other chemo-
therapy drugs that affect DNA repair or the cell cycle. As we expected, EMI1 downregulation
resulted in resistance to another PARPI drug, Talazoparib. EMI1 downregulation also led to
resistance to other cytotoxic drugs, Cisplatin and CHK1 inhibitor. Notably, increasing the
RADS51 protein expression only recapitulated some, but not all, of the effects of EMI1 deple-
tion in conferring to the cell resistance to different PARPi and the other cytotoxic drugs.
These results suggest that the downstream effects of EMI1 downregulation that contribute
to PARPI resistance are increasing the concentration of RAD51 protein in the cell and block-
ing mitotic entry. We found that combining CHK1 inhibitor with olaparib results in restoration
of sensitivity even when EMI1 expression is downregulated. This combination therapy may
be a means to overcome the PARPI resistance in BRCA1-deficient TNBC cells.

Introduction

The prognosis of breast cancer depends on several characteristic features, namely, estrogen
receptor (ER), progesterone receptor (PR), and HER2 receptor expression and mutation sta-
tus. The phenotype of germline BRCAI mutations are usually characterized by aggressiveness,
high grade, and are more likely to be triple-negative (ER-, PR-, and HER2-) [1,2]. BRCAI or
BRCA2 mutant breast tumor cells are deficient in the repair of DNA double strand breaks
(DSB) via the homology directed repair (HDR) mechanism. This repair mechanism is
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sequence conserving, and cells lacking the appropriate function of either of these genes have
an increased rate of mutation. Poly (ADP-ribose) polymerase inhibitors (PARPi) block the
base excision repair mechanism for single strand breaks, but PARPi in combination with a
BRCA1 or BRCA2 mutation are synthetic lethal, and such cells are sensitive to PARPI [3,4].
Thus, tumors deficient in BRCA1 or BRCA2 are highly vulnerable to the effects of PARP inhi-
bition [2,5]. PARP inhibitors have shown promise in cancer therapy via a mechanism depen-
dent on synthetic lethality; the inhibition of PARP results in the accumulation of a significant
amount of double-strand breaks (DSB) by interfering with replication fork progression at the
site of DNA damage [6]. Since BRCA1 and BRCA2 are tumor suppressors, cells heterozygous
for a BRCA mutation can repair DSB and are resistant to PARP inhibitors. Loss of the normal
allele results in a cell only having a mutated copy of the BRCA gene and sensitivity to the
PARPiI [2,7]. Despite the promising preliminary results, prolonged treatment of breast or ovar-
ian cancer with PARPi is frequently associated with acquired resistance to this therapy. There
are multiple mechanisms of resistance to PARPi chemotherapy, some of them are targetable
for therapy including the modulation of EMII1 and RADS51 expression levels [8,9].

HDR is a complex pathway that requires not only the efficient use of BRCA1 and BRCA2
proteins but a number of other related proteins including, among others, REV7, PTIP, RIF1
and RAD51 [10]. The key protein in HDR is the recombinase, RAD51; the activity and level of
the RAD5I protein is regulated in part by p53 [11,12]. The level of RAD51 is biologically impor-
tant in regulating DNA repair [13] and RAD51 overexpression, is associated with an increase in
the spontaneous level of HDR with subsequent resistance to ionizing radiation [14].

Another mechanism for resistance to DNA damage in actively dividing cells is the activa-
tion of distinct cell checkpoint responses, which pause the cell from progressing to the next
cell cycle, enabling DNA repair and promoting cell survival. Upon DNA damage, G2 arrest is
triggered by p21-dependent EMI1 downregulation [15]. The EMI1 protein has a constant level
of abundance in the human cell with the exception of its regulated degradation from mitotic
entry to G1 phase. EMI1 inhibits the activity of the Anaphase Promoting Complex / Cyclo-
some (APC/C), and degradation of EMI1 by B-Trcpl activates APC/C [16,17], which in turn
degrades key substrates, such as securin and mitotic cyclins, driving the cell into anaphase
[15]. Additionally, PARP1 deficient cells show a stronger G2 checkpoint response, which is
regulated by the ATR/CHKI1 pathway [18,19]. Combination of PARPi with ATRi leads to com-
plete ovarian tumor regression in an HDR-deficient PDX model [19].

Published experiments [20] demonstrated that downregulation of EMI1 in BRCA1-defi-
cient breast cancer cells led to a decrease in sensitivity of the cells to PARPi. They suggested
that, in the absence of DNA damage, the E3 ubiquitin ligase activity of EMI1 regulates the sta-
bility of RAD51. Marzio et al showed that the resistance to PARPi conferred by decreased
EMI1 concentration could be replicated by over-expressing RAD51. Marzio et al tested only
olaparib as the PARPi and they suggested, but did not test, that the resistance conferred by low
EMII concentration could be reversed by including a CHK1 inhibitor to their cell system. In
the current study, we tested a second PARPi as well as other DNA-damaging or cytostatic
drugs for resistance in cells with low EMI1 concentration, and we tested whether combining
CHK1 inhibitor with the PARPi could rescue sensitivity in these cells even though they had
low EMI1 concentrations.

Materials and methods
Cell culture

The identities of cell lines were confirmed by short tandem repeat fingerprinting by the OSU
Comprehensive Cancer Center Genomics Shared Resource. Cell line MDA-MB-436 (ATCC
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HTB-130) was propagated in DMEM media supplemented with 10% FBS (VWR Seradigm
Life Science), 1% L-glutamine and 1% sodium pyruvate (Life Technology- Thermo-Fisher).
MDA-MB-231 (ATCC HTB-26) was propagated in DMEM media with 10% FBS, 1% L-gluta-
mine and 1% sodium pyruvate and 1% penicillin/streptomycin. MCF7 propagated in DMEM
media with 10% FBS, 1% L-glutamine and 1% sodium pyruvate, 1% penicillin/streptomycin
and 0.01mg/ml bovine insulin. SUM149PT (Asterand Bioscience) was propagated in Ham’s
F12/L-glutamine media supplemented with 5% FBS,10mM HEPES, 5 ug/ml insulin and 1 pg/
ml hydrocortisone. Cell lines were confirmed by STR fingerprinting and tested periodically for
mycoplasma contamination using PCR kit and MycoAlert TM Mycoplasma Detection Kit
(Catalog #: LT07-418) and the results were negative.

Gene depletion by siRNA transfection

DNA and RNA oligonucleotides were purchased from IDT. Cells were transfected using either
non-targeting siRNA (GL2) [21] that targets the luciferase gene and served as a negative con-
trol or siRNAs directed toward EMI1. (Sequences of siRNAs used in this study are provided in
S1 Table).

Plasmids

RAD51 cDNA (gift of R. Fishel, Ohio State University) was inserted into a pcDNA3 vector and
empty pcDNA3 vector was used as a negative control. Transfections were done using either
oligofectamine for siRNA transfection (Invitrogen P/N 58303) using 50 pmol of each siRNA
or Lipofectamine 2000 (Invitrogen P/N 52887) for RAD51 vector or Empty pcDNA3 vector,
using 3 pg of each vector.

For MDA-MB-436, 5X10° cells were seeded per well in a 6 well plate, 24 h later transfections
done, and after overnight incubation media was changed. 3 h later, a second transfection was
applied. For MDA-MB-231, 3X10° cells were seeded per well of a 6 well plate, and a similar
transfection protocol was applied.

Immunoblotting

Protein was isolated from packed cell pellets using protein lysis buffer (50 mM Tris PH 7.9,
300 mM NaCl, 2.5% NP40, 1 mM EDTA, 5% glycerol). Then samples were resolved on 8%
SDS-PAGE gels and transferred to PVDF membrane. The following primary antibodies were
used according to the manufacturer’s recommendations: EMI1 3D2D6 (Thermo-Fisher
(1:500)) or SAB2100793, (Sigma-Aldrich (1mg/ml)), BRCAL1 (antibody prepared by Parvin
laboratory 1:500) [22], RAD51 (GeneTex, Cat. No. GTX 70230 (1:500)). RNA Helicase A
(RHA antibody prepared by Parvin laboratory; 1:20,000) [23] was used as loading control. Sec-
ondary antibodies were used according to the manufacturer’s specification. anti-rabbit horse-
radish peroxidase (HRP) 1:5,000 (Cell Signaling Technology, cat. No. 7074), anti-mouse HRP
1:5,000 (Cell Signaling Technology, catalog no. 7076).

Cell viability assay

Different cell lines were transfected as described above, and 24 h after the second transfection,
cells were plated by 2500 cells/well for each condition in 96 well plates. 24h later drug is added
according to each experiment design. After incubation for 72 h for cisplatin and for 96 h for all
other drugs, viability was measured using alamarBlue (Cat. No DAL1025, Thermo-Fisher Sci-
entific) according to manufacturer specifications. The drugs olaparib (Cat. No. A10111-10),
Talazoparib (BMN-673; Cat. No. A11243), CHK1 inhibitor (SB218078; Cat. No. A1548), and
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MEK inhibitor selumetinib (AZD6244; Cat. No. A10257) were purchased from AdooQ. Cis-
platin was purchased from Enzo (Cat. No. ALX-400-040-M050).

Statistical analysis

We used the Excel for Mac -Version 16.16.27- to calculate the Student’s two tailed paired t test
which determine the significance between the mean of at least three different biological repeats
for each dose of drug used before and after EMI1 down regulation. Results are indicated as sta-
tistically significant if p<0.05 (*) or p<0.01 (**).The error bars represent the standard error of
mean which were calculated by this equation; SEM = (STDEV(A1:A100)/SQRT(COUNT/(AL:
A100)).

Results
Reduction EMI1 expression and resistance to PARPj, cisplatin, and CHKi

As a first step in extending the findings of Marzio et al, we compared two cell lines, BRCA1-
mutated MDA-MB-436 to BRCA1-wild-type MDA-MB-231 cells. Both cell lines recapitulate
the phenotypes of Triple Negative Breast Cancer (TNBC) cells. We found, consistent with
expectations, that the MDA-MB-436 cells were much more sensitive to olaparib; at all data-
points from 2.5 uM to 80 uM olaparib there was a statistically significant difference in sensitiv-
ity to the drug. The IC50 was about 2.5 pM olaparib in MDA-MB-436 cells and about 80 pM
olaparib in the BRCA1-wild-type MDA-MB-231 (Fig 1A, left). Similarly, the MDA-MB-436
cells were more sensitive to cisplatin than were MDA-MB-231 cells, though the change in
IC50 was not as dramatic (Fig 1A, right). Consistent with the Marzio et al report, depletion of
EMI1 in BRCAI mutated MDA-MB-436 cells by transfection with either of two siRNAs
reversed the sensitivity to olaparib and shifted the IC50 in this experiment from about 1.25 uM
with normal EMI1 to about 40 uM when EMI1 was depleted (Fig 1B). Western blots revealed
that the depletion of EMI1 with each siRNA was effective and resulted in an increase in the
abundance of RAD51 protein. Immunoblots of RNA Helicase A (RHA) were used as a loading
control. In experiments using the siRNA-1 targeting EMI1, the IC50 was reached at the lowest
concentration of olaparib tested (1.25 uM) in the cells receiving the control siRNA; cells receiv-
ing the EMI1 specific siRNA were comparatively resistant at these concentrations. We thus
tested concentrations lower than 1.25 uM olaparib when repeating this assay with a second
siRNA targeting EMI1 (Fig 1B, right). Results of transfection experiments using the two siR-
NAs targeting EMI1 were exactly consistent and reveal that depletion of EMI1 results in resis-
tance to olaparib.

Extending the results from Marzio et al to a second PARP4, talazoparib, which has a higher
propensity than olaparib to have a bound moiety trapped on the DNA [24], we found that
depletion of EMI1 by transfection of either of the two siRNAs from MDA-MB-436 cells ren-
dered the cells resistant to talazoparib and the IC50 changed from less than 0.05 pM with nor-
mal EMI1 levels to about 10 uM with EMI1 levels reduced by transfection of specific siRNA
(Fig 1C), consistent with the expectation of PARPI resistance when the EMI1 levels were
depleted. As was observed in Fig 1B, in experiments with EMI1 siRNA1 the viability of cells
that were treated with the control siRNA was below 50% at the lowest concentration of talazo-
parib tested (0.625 uM). We thus tested lower concentrations of talazoparib in experiments
using the second EMI1-targeting siRNA (Fig 1C, right). Results clearly indicate that depletion
of EMII leads to resistance to talazoparib in BRCA1-mutant MDA-MB-436 cells.

Strikingly, we found that low EMI1 levels in these BRCAI mutated MDA-MB-436 cells can
modulate the sensitivity to other cytotoxic drugs, such as cisplatin. Results in Fig 2A show a
significant upward shift of the IC50 of cisplatin from lower than 0.5 uM with normal EMI1
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Fig 1. Depletion of EMI1 in BRCA1 mutant MDA-MB-436 cells confers resistance to PARPi. (A) Cell lines that
mimic TNBC, MDA-MB-436 cells (BRCAI mutant) and MDA-MB-231 cells (expressing wild-type BRCA1) were
grown in medium containing olaparib (left) or cisplatin (right) at the indicated concentrations for 96 h for olaparib or
72 h for cisplatin when cells were assayed for proliferation. For each transfection, the proliferation in the absence of
drug was set at 100%. The x-axis is in log; and the datapoints from samples containing no drug (vehicle only) was
placed on the y-intercept. Results represent the mean and SEM of three replicate experiments. Datapoints at each
concentration of olaparib were analyzed by the two-sided student’s t test, and * indicates p<0.05, and ** indicates
p<0.01. (B) MDA-MB-436 cells were transfected with a control siRNA or EMI1-specific siRNA1 (left) or control
siRNA or EMI1 siRNA2 (right) and then grown in medium containing olaparib at the indicated concentrations for 96
h when cells were assayed for proliferation. Western blots are shown from one of the replicates used in the
proliferation assay and stained for protein abundance of EMI1, RAD51, and RNA helicase A (RHA), as indicated.
Results represent the mean and SEM of five replicate experiments testing EMI1 specific siRNA1 and four replicates for
experiments testing siRNA2. (C) MDA-MB-436 cells were transfected as in panel B, and subjected to the indicated
concentrations of talazoparib in the culture medium for 96 h when proliferation and protein expression was measured
as described above. Results represent the mean and SEM of three replicate experiments.

https://doi.org/10.1371/journal.pone.0235025.9001
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Fig 2. Depletion of EMI1 in BRCA1 mutant MDA-MB-436 cells confers resistance to cytostatic drugs. (A)
MDA-MB-436 cells, transfected as in Fig 1, were subjected to the indicated concentrations of cisplatin for 72 h
followed by a proliferation assay and an immunoblot of one of the replicates. The x-axis is in log;, and the datapoints
from samples containing no drug (vehicle only) were placed on the y-intercept. Results represent the mean and SEM of
three replicate experiments. Datapoints at each concentration of cisplatin were analyzed by the two-sided students t
test, and * indicates p<0.05, and ** indicates p<0.01. (B) MDA-MB-436 cells were transfected as in Fig 1 and subjected
to the CHK1 inhibitor (SB218078) in the growth medium for 96 h and analyzed as described above. Results represent
the mean and SEM of three replicate experiments. (C) MDA-MB-436 cells were transfected with control siRNA and
EMI1-specific siRNA2, followed by inclusion of the MEKi (selumetinib) in culture medium at the indicated
concentrations for 96 h, followed by analysis for proliferation and protein abundance as described above. Results
represent the mean and SEM of three replicate experiments.

https://doi.org/10.1371/journal.pone.0235025.g002
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levels to about 5 uM with EMI1 levels reduced by specific siRNA transfection. Since the titra-
tion of cisplatin when testing the sensitivity of MDA-MB-436 cells transfected with EMI1-spe-
cific siRNA-1 the lowest dose tested, 5 pM, was well below the IC50 (Fig 2A, left), we tested
lower concentrations of cisplatin for EMI1-specific siRNA-2 (Fig 2A, right). We found that the
lowest dose, 0.5 M was still higher than the IC50 in control siRNA transfected cells, and in
EMI1-depleted cells the IC50 was between 1.5 uM and 10 uM cisplatin.

We also found that reduction of EMI1 levels resulted in a decrease in sensitivity of CHK1
inhibitor (SB218078) when used as a monotherapy. The IC50 for the CHKi was about
2.5 uM for the control siRNA transfected MDA-MB-436 cells, and transfection of EMI1-s-
pecific siRNA-1 resulted in a relative resistance to the CHKi, with an IC50 of about 15 yM
CHKI (Fig 2B left). Repeat of this experiment using EMI1-specific siRNA-2 revealed a simi-
lar trend, though there was a minor change in the IC50 for both control and EMI1-specific
siRNAs.

We next asked if a cytostatic drug that blocks the cell cycle in G1 phase would be affected by
EMI1 depletion. Depletion of EMI1 is known to arrest cells in mitosis [15], and MEKi blocks
cells in G1 phase of the cell cycle [25,26]. Surprisingly, when we tested the effect of depleted
EMI1 levels toward the cytostatic drug, MEK inhibitor (selumetinib AZD6244), we found that
depletion of EMII resulted in a small shift in sensitivity to MEKi. However, the minor change
in sensitivity was not statistically significant at any concentration of the drug, and we conclude
that depletion of EMI1 does not confer resistance to the MEK inhibitor [15,25,26].

We tested a second BRCA I mutated cell line, SUM149PT. We found that depletion of
EMI1 by siRNA transfection diminished the sensitivity of each, olaparib and CHK1 inhibitor.
RNAI depletion of EMI1, using ether of the two specific siRNAs in this cell line, was effective
in reducing the expression of EMI1 and with the downstream effect of increasing RAD51 pro-
tein levels (Fig 3C). The effect of EMI1 depletion on IC50 was shifted from 5 uM to about
more than 10 uM olaparib (Fig 3A) and from 0.6 uM to 1.25 uM CHKIi (Fig 3B). Although
the effect of EMI1 depletion on resistance to these two drugs was not as dramatic as observed
with MDA-MB-436 cells, the results were statistically significant at most concentrations of ola-
parib and at some concentrations of CHK1i, as indicated in the Figure. The trends in these
observations using SUM-149PT cells were consistent with our previous findings using
MDA-MB-436 cells and with published results [20]. Taken together with our other results,
these results suggest that low expression of EMI1 can modulate the sensitivity to several che-
motherapeutic drugs, not only PARPI, and this is a potential mechanism to cancer therapy
resistance.

Effect of EMI1 depletion on resistance to some chemotherapy drugs is not
phenocopied by elevated RADS51 protein abundance

It had been observed that resistance to olaparib due to EMI1 depletion could be recapitulated
by expressing RAD51 at higher levels [20]. The results of that study indicated that RAD51 pro-
tein was a substrate of the EMI1 ubiquitin ligase, and this regulatory event was the key down-
stream effect of low EMI1 levels. We tested the effect of RAD51 overexpression in
BRCA1-mutant cells on sensitivity to different cytotoxic drugs including the PARPi. We pre-
pared an expression vector for human RADS51 that can be used for transfection of mammalian
cells and increase the expression of RAD51 protein in BRCA1-mutant MDA-MB-436 cells. As
measured by immunoblot analysis, transient transfection of RAD51 in MDA-MB-436 cells
resulted in a several-fold increase in RAD51 protein levels (Fig 4A). Similar to the results of
Marzio et al, we found that the resistance to olaparib conferred by EMI1 depletion was largely
recapitulated by RAD51 overexpression (Fig 4A, left). The IC50 for olaparib was shifted from
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Fig 3. Depletion of EMI1 in BRCA1 mutant SUM149PT cells confers resistance to olaparib and CHKIi. (A)
SUM149PT cells were transfected with control siRNA, EMI1-specific siRNA1 or EMI1-specific siRNA2, followed by
inclusion of olaparib in culture medium at the indicated concentrations for 96 h. Cells were then analyzed for
proliferation, and the measure in samples without drug (vehicle only) were set at 100%. Results represent the mean and
SEM of three replicate experiments. Datapoints at each concentration of olaparib were analyzed by the two-sided
students t test, and * represents p<<0.05, ** represents p<0.01, and NS represents p>0.05. At each concentration of
drug, the first asterisks represent EMI siRNA1 versus control, and the second asterisks represent EMI1 siRNA2 versus
control. Results represent the mean and SEM of three replicate experiments. (B) SUM149PT cells were transfected as
in panel A and subjected to growth in medium with CHK1i (SB218078) at the indicated concentrations for 96 h
followed by a proliferation assay. Results were analyzed as in panel A and represent the mean and SEM of three
replicate experiments. (C) Protein lysates from one of the replicates used in panels A and B were analyzed by
immunoblot and probed for EMI1, RAD51, and RHA protein abundance, as indicated.

https://doi.org/10.1371/journal.pone.0235025.9003

lower than 0.125 pM with normal, endogenous RAD51 levels to about 0.25 pM with overex-
pressed RAD51 and, though the change was less dramatic than observed with EMI1 depletion
(Fig 1B), it was statistically significant at each concentration of olaparib (Fig 4A left). By con-
trast, overexpression of RAD51 did shift the curve of the cells resistant to talazoparib, but for
none of the data points were the differences statistically significant (Fig 4A, right). Similarly,
overexpression of RAD51 resulted in a minor, and not statistically significant, shift of the
curve for MDA-MBD-436 cells treated with cisplatin (Fig 4B left), CHK1 inhibitor (Fig 4B
right) and MEK inhibitor (Fig 4C).These results indicated that high abundance of RAD51 pro-
tein, alone, cannot explain the resistance to these drugs by low expression of EMI1. Inactiva-
tion of EMI1 leads to premature APC/C activation in G2-phase, and consequently blocks cell
entry into mitosis [27,28]. PARP-induced cytotoxicity has been attributed to repeated cycles of
both replication and mitosis showing that forced mitotic bypass through EMI1 depletion
could largely rescue viability of HDR-deficient cells upon PARP inhibition [29]. Taken
together, we infer that two effects of EMI1 depletion, the increased abundance of RAD51 pro-
tein and a cell cycle block in G2, combine to overcome the effects of PARP;, cisplatin, and
CHK1i.
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Combining CHK]1 inhibitor with PARPi restores sensitivity to BRCA1
mutated breast cancer cells with low EMI1 expression

In their earlier publication, Marzio and his colleagues suggested, but did not test, that the resis-
tance to olaparib conferred by low EMI1 concentration could be reversed by including a
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Fig 4. RAD51 overexpression does not recapitulate all of the effects of EMI1 depletion on resistance to cytostatic
drugs in MDA-MB-436 cells. (A) MDA-MB-436 cells were transfected with pcDNA3 empty vector or with the same
vector with the human RAD51 gene. Cells were grown for 96 h in medium containing the indicated concentration of
olaparib (left) or talazoparib (middle) followed by a proliferation assay. Results represent the mean and SEM of three
replicate experiments. Datapoints at each concentration of drug were analyzed by the two-sided student’s t test, and *
represents p<0.05. Protein lysates from one replicate were analyzed by immunoblot for RAD51 protein abundance
(right). (B) MDA-MB-436 cells were transfected as in panel A, and cells were grown in medium containing the
indicated concentration of cisplatin (left) for 72 h or CHK1i (mniddle) for 96 h followed by a proliferation assay. Results
were analyzed as in panel A and represent the mean and SEM of three replicate experiments. Protein lysates from one
of the replicates were analyzed by immunoblot for RAD51 protein abundance (right). (C) MDA-MB-436 cells were
transfected as in panel A, and cells were grown in medium containing the indicated concentration of MEKi (left) for 96
h followed by a proliferation assay. Results were analyzed as in panel A and represent the mean and SEM of three
replicate experiments. Protein lysates from one of the replicates were analyzed by immunoblot for RAD51 protein
abundance (right).

https://doi.org/10.1371/journal.pone.0235025.9004
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CHK1 inhibitor [20]. In addition, it was reported that a stronger DNA damage-induced G2
checkpoint dependent on CHK1 activation in the absence of PARP1 could be abolished by
CHKI1 siRNA, sensitizing PARP1-/- cells to IR-induced killing [18]. Taking into consideration
these results, we tested the combination of CHK1 inhibitor and olaparib in BRCA I-mutated
MDA-MB-436 and SUM149PT cells. MDA-MB-436 samples were subjected to 10 pM CHK1j,
and the olaparib was titrated from 0 to 160 pM, while, SUM149PT samples were subjected to
0.1 uM CHKI1j, and the olaparib was titrated from 0 to 10 uM. In the presence of both, CHK1i
and olaparib, the resistance due to EMI1 depletion was reversed (Fig 5A). Consistent with our
results from Fig 2, in the presence of one drug, olaparib, EMI1 depletion resulted in a signifi-
cantly higher percentage of viable cells than control depletion (solid lines in Fig 5A). By con-
trast, inclusion in culture media of CHKIi resulted in a sensitivity of these cells to olaparib in
both control and EMI1-depleted cells (dashed lines in Fig 5A). The IC50 for olaparib in EMI1
depleted cells changed from 40 uM to less than 2.5 uM when CHK1i was included in the cul-
ture medium, and the differences in cell viability comparing control depleted versus EMI1-de-
pleted MDA-MB-436 cells under these conditions with two drugs was not statistically
significant (p> 0.05), indicating that EMI1 depletion conferred no resistance to olaparib when
in the presence of the CHK1i. Similarly, when testing the combination of olaparib and CHK1i
in SUM149PT cells, we found that the combination rendered EMI1-depleted cells sensitive
(Fig 5B). Just as in the MDA-MB-436 cells, SUM149PT cells depleted of EMI1 were relatively
resistant to olaparib, and the proliferation of these cells dropped in the presence of both drugs.
Results were similar when depleting EMI1 from these cells using siRNA2; the IC50 for olaparib
in EMI1-siRNA2 depleted cells was greater than 10 uM and in the presence of both drugs was
about 2 uM. Though the magnitude of the change in sensitivity to two drugs when transfecting
with siRNA2 was not as large as with siRNA1, the results were consistent. The p-values for stu-
dent’s t-test comparisons are given in the legend to Fig 5B. These results suggest that CHK1
inhibitor in combination with PARPi could be a viable treatment option in these tumor types
when EMI1 depletion causes resistance.

We analyzed if the CHK1i and olaparib were acting synergistically in MDA-MD-436 cells
by applying the Chou-Talalay method [30] and using the computer software CompuSyn. We
observed a synergistic effect of the two drugs increased in the EMI1-depleted MDA-MB-436
cells (Fig 5C). For Fig 5C, we used results from siRNA1 depletion of EMII. This synergistic
effect of the combination of olaparib and CHK1i in EMI1-depleted MDA-MB-436 cells is evi-
dent in the increase in separation of the curve for the drug combination from the curves for
the single drugs.

Discussion

In this study, we discovered: 1) depletion of EMI1 made BRCA I-mutant cells resistant to talaza-
parib, cisplatin, and CHKI1i in addition to the previously shown resistance to olaparib [20]; 2) only
some of the effects of depleting EMI1 on drug resistance were recapitulated by over expression of
RAD?51, suggesting that EMII effects on cell cycle progression also contribute to the PARP resis-
tance; 3) combinations of EMI1 depletion and CHK1i restored sensitivity of the BRCA1-mutant
cells toward PARP;; and 4) olaparib and CHK1i were a synergistic drug combination over a wide
concentration range in BRCA1 mutant cells expressing a low level of EMI1 protein.

It is well established that the “BRCAness” phenotype of the breast cancer cells plays a crucial
role toward PARPI sensitivity and conferring the concept of synthetic lethality, and our results
are consistent with that concept. Partial restoration of the homologous recombination DNA
repair pathway can lead to resistance to PARPi [31], and upregulation of RAD51 in BRCA1-
defective cells is associated with resistance to PARPi [20]. It is worth noting that our results of
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Fig 5. Combination of olaparib and CHKI1i restores sensitivity to EMI1-depleted MDA-MB-436 and SUM149PT
cells. (A) MDA-MB-436 cells were transfected with control siRNA or EMI1-specific siRNA1 and grown for 96 h in
medium containing vehicle plus olaparib at the indicated concentrations (solid lines) or in medium containing 10 uM
CHKI1i plus olaparib at the indicated concentrations (dashed lines). Proliferation assays (n = 3) measured the growth
of the cells under each condition. The growth of control siRNA transfected cells was compared to the growth of EMI1
depleted cultures grown in the absence of CHK1i and in the presence of CHK1i. P-values comparing the growth of
EMII-depleted cells versus control siRNA-transfected cells were less than 0.05 at olaparib concentrations of 2.5 uM
and 10 uM in the presence of a single drug, but in the presence of both drugs, the p-values were not significant. Protein
lysates from one replicate were analyzed by immunoblot for EMI1 and RADS51 protein abundance (right). (B)
SUM149PT cells were transfected with control siRNA or EMI1-specific siRNA1 or siRNA2 and grown for 96 h in
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medium containing vehicle plus olaparib at the indicated concentrations (solid lines) or in medium containing 0.1uM
CHK1i plus olaparaib at the indicated concentrations (dashed lines) and analyzed as in panel A. When comparing
EMI1-siRNA1 to control siRNA, p-values were less than 0.05 at concentrations of olaparib of 0.125 uM, 1.25 uM,

2.5 uM, and 5 uM when testing the single drug, and was not significant (p > 0.05) at all concentrations when
comparing EMI1 siRNA1 to control siRNA in two drugs. When comparing EMI1-siRNA2 to control siRNA, p-values
were less than 0.05 at all concentrations of olaparib tested in the single drug and in the two drug conditions. (C)
CompuSyn software analysis of additive effects of olaparib and CHK1i in MDA-MB-436 cells. The dose effect (x-axis)
was plotted against the fraction of the total drug effect (Fa, y-axis) for olaparib alone (blue ovals), CHK1i alone (red
rectangles) or the combination of both drugs (green triangles) in control siRNA transfected cells (left) and EMI1
siRNA1 depleted cells (right).

https://doi.org/10.1371/journal.pone.0235025.g005

olaparib resistance in different BRCA1 mutant cells due to EMI1 downregulation that were
associated with high RAD51 levels are in line with previous results done either in BRCA1
mutant cancer cells [20] or BRCA2 mutant ones [29]. As expected, our results extended the
findings of low EMI1 levels toward modulating the resistance to another PARPi, talazoparib,
and strikingly, our results show resistance upon EMI1 downregulation to other cytotoxic
drugs including cisplatin and CHK1i. We hypothesized that the RAD51 increase that accom-
panied the low EMI1 levels may explain the resistance as high RAD51 expression is reported
to be associated with decreased cytotoxicity to DNA damage induced by chemical agents and/
or ionizing radiation [14,32,33] and RAD51 downregulation can lead to chemo/radio-sensitiz-
ing effect [34]. However, RAD51 overexpression only recapitulated some aspects of the pheno-
type of resistance to PARPi due to low EMI1 levels, such as conferring to the cell resistance to
olaparib, but the cells were still sensitive to talazaparib, cisplatin, and CHK1i. We infer from
these differences that other effects of EMI1 on cell growth also contribute to the PARPi resis-
tance such as the well-known requirement for EMI1 function for cells to enter mitosis. Normal
EMII function inhibits APC/C and also inhibits DNA re-replication, promoting cell prolifera-
tion [35]. Inactivation of EMI1 leads to premature APC/C activation in G2-phase, interferes
with cyclin B accumulation and consequently precludes mitotic entry. As a result, EMI1-de-
pleted cells bypass mitosis and enter cycles of endoreplication [27,28,36]. We suggest that
BRCA1 mutated breast cancer cells can develop PARPi resistance by downregulating the EMI1
gene which could be triggered via p21 [15]. Since EMII is an essential gene in vivo [37] and is
also required for long-term growth in vitro [38-40], the downregulation of EMI1 must either
be transient or retain residual activity sufficient for cell viability. The downregulation of EMI1
arrests cells in G2 phase of cell cycle, tumor cells that remain in G1- or G2-phase longer are
less sensitive to PARP-inhibitor-induced cytotoxicity [29]. In addition, down regulation of
EMI]1 stabilizes RAD51 protein levels since EMI1 regulates the ubiquitin-mediated degrada-
tion of RAD51 [20]. Our results suggest that these combined effects are responsible for the che-
motherapy resistance conferred by EMI1 depletion, and overexpression of RAD51 causes only
partial resistance to some PARPI.

It had been predicted that combined effects of CHK1i and PARPi would restore sensitivity
of cells that had reduced EMI1 expression levels [8,20]. Results presented in this study confirm
this notion for BRCA1-mutant breast cancer cells. These results are consistent with recently
published results for other BRCA1/2 mutant olaparib sensitive and olaparib resistant ovarian
cancer cell lines [41]. These results suggest a potential treatment strategy toward overcoming
PARPi resistance in BRCA1 associated breast cancer cells.
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